Changes in the plasma membrane lipid composition have been related to a decrease in sperm quality during cryopreservation. Antifreeze proteins (AFPs) have been tested in different species because of their ability to depress the freezing point and their potential interaction with membranes, but controversial effects were reported. In the present study we analyzed separately the lipid composition of two sperm membrane domains, head plasma membrane (HM) and flagellar membrane (FM), after cryopreservation with an extender containing 5% dimethyl sulfoxide (DMSO) either alone or with AFPI or AFPIII (1 lg/ml). We used sperm from a teleost, Sparus aurata, because the lack of acrosome avoids changes of lipid profiles due to capacitation process or acrosomal losses during freezing/ thawing. Comparing with the control (cryopreservation with 5% DMSO alone), the addition of AFPIII increased the velocity, linearity of movement, and percentage of viable cells. In addition, freezing with DMSO alone increased the phosphatidyl-serine content as well as the saturated fatty acids and decreased the unsaturated ones (mainly polyunsaturated) both in HM and FM. These changes in the lipid components were highly avoided with the addition of AFPIII. HM had a higher amount of saturated fatty acids than FM and was more affected by cryopreservation without AFPs. The percentage of viable cells was positively correlated with the amount of unsaturated fatty acids in the HM, whereas the motility parameters were positively correlated with both FM and HM amount of unsaturated fatty acids. AFPs, especially AFPIII, seem to have interacted with unsaturated fatty acids, stabilizing the plasma membrane organization during cryopreservation and contributing to improve sperm quality after thawing.
INTRODUCTION
Sperm plasma membrane is characterized by a particular lipid composition when compared with most cell membranes; their content in polyunsaturated lipid species (PUFA) is hundreds of times higher and possess large amounts of diPUFA phospholipids (esterified with two PUFA), which is very uncommon except in sperm, retina, and some brain areas [1, 2] . This particular composition has been related to their specific functions, considering that it promotes the creation of microdomains with different fluidity, fusogenicity, and permeability characteristics [2] , required to reach the oocyte and fuse with it. The lipid content varies in mammalian sperm during maturation and capacitation [1] , which defines the five characteristic membrane domains (acrosome, equatorial region, postacrosome, midpiece, and principal piece) in spermatozoa [1] . Several studies confirm the influence of membrane molecular species of lipids on sperm motility and viability [3, 4] . Differences in plasma membrane lipid profiles (cholesterol/phospholipids ratio, saturated/unsaturated fatty acids ratio, or the presence/abundance of particular molecular species) have been noticed in boar and humans between groups of individuals with different sperm quality [4] [5] [6] , demonstrating the importance that the lipidic profile of plasma membrane has on sperm function.
Sperm membrane composition is, in turn, affected by changes in feeding and thermal regimes [7] [8] [9] , or storage procedures and different modifications have been observed as a consequence of cryopreservation [10] . Changes in the sperm plasma membrane during cryopreservation include lipid phase transition, resulting in a spatial redistribution of the membrane components, modification of membrane domains and microdomains, and consequently reaggregation of membrane proteins [11] .
The evaluation of the effects of cryopreservation on the molecular species of sperm membrane lipids in mammals could be impaired by the fact that freezing/thawing also promotes processes of capacitation, leakage of acrosomal content, induction of acrosomal reaction, and so on, linked to significant modifications in the lipidic profiles [12] . The overall differences in sperm characteristics of the thawed sample could be reduced using a simpler cell model, such as teleost fish spermatozoa. Teleost fish spermatozoa are structurally simple, lack acrosome, and possess a short or absent midpiece. After ejaculation, motility generally lasts for no longer than minutes, and neither capacitation nor acrosomal reaction takes place, suggesting that changes in lipidic profiles, if any, must be very subtle. Studies on the lipidic composition of some fish species, mainly salmonids, have been carried out by Labbé and Maisse [9] and Bell et al. [13] , but no reports exist, to our knowledge, on the changes promoted during cryopreservation. Different membrane domains have not been described in detail in fish spermatozoa, but some differences in the plasma membrane among the head and tail should be expected, according to their different functional requirements. The head plasma membrane (HM) plays a major role in detecting the transition from the seminal plasma environment to the freshwater/seawater environment, sensing the ionic changes that lead to motility activation, and it is also responsible for gamete fusion [14] . On the other hand, flagella have a crucial importance as the structure responsible for driving the spermatozoa toward the oocytes.
Arctic fish species have developed specific proteins with antifreeze capacity (antifreeze proteins [AFPs]) to resist freezing temperatures. AFPs act by depressing the freezing point, modifying the ice-crystal formation process, preventing recrystallization, and interacting with plasma membrane at low temperatures [15, 16] , thus allowing these species to survive in waters colder than the equilibrium freezing point of their internal fluids [17] . It seems that AFPs bind to the lipid bilayer, increasing the phase transition temperature of the membranes and stabilizing them. While there is a consensus that its mechanism of action is dependent on the membrane composition, a predictive model on how AFPs interact with lipid membranes has not been defined, and this issue is the focus of several studies [15, 17] . Although the natural expression of AFPs in polar fish have been shown to increase fish sperm resistance to cryopreservation [18] , to our knowledge, only the addition of antifreeze glycoproteins (AFGPs) has been tested in fish sperm cryopreservation, improving the fertilization ability after the freezing/thawing process [19, 20] . In the case of mammals, several studies have reported improved sperm quality after cryopreservation with AFPs [21, 22] . Nevertheless, there are no data about AFPs' potential effects preventing changes on lipidic profiles of the sperm membrane.
In the current study our purpose was to evaluate the effects of cryopreservation with AFPs on sperm plasma membrane lipids of two different domains, head and flagella, using gilthead seabream (Sparus aurata) spermatozoa. S. aurata was used as a representative model since, although cryopreservation protocols are well established, some losses in sperm quality are still reported [23] [24] [25] [26] . Previous studies evidenced changes in the motility pattern [26] as well as in membrane functionality, detected as a decrease in the resistance to the hyperosmotic shock [24] and an increase in the permeability to YO-PRO1 [25] .
MATERIALS AND METHODS
All chemicals were reagent grade or higher and, unless otherwise stated, were purchased from Sigma-Aldrich. Solvents were purchased from Romil. Fish handling was in accordance with the European Union Directive (EEC, 1986) for the protection of animals used for experimental and other scientific purposes.
Sampling and Cryopreservation Procedure
Sperm samples were obtained from the Aquaculture Research Center of Acquatina (University of Salento, Italy) between November and January. Sperm was collected by applying gentle abdominal pressure and collecting the milt from the urogenital pore with a 2-ml plastic Pasteur pipette. To avoid contamination with urine or seawater, all samples were carefully collected. The samples were kept at 48C until being used and processed in the laboratory facilities at the University of Salento (660 min). The semen from individual males was pooled in order to have enough volume for different experimental treatments and further analytical procedures. During the experiment, eight sperm pools (8-10 males in each pool) of 7 ml were used.
Sperm motility and viability were analyzed and lipids extracted for four different experimental conditions: fresh (control) and cryopreserved sperm according three distinct protocols. Sperm cryopreservation was carried out by diluting sperm 1/6 (v/v) in the extender solution (1% NaCl plus 5% dimethyl sulfoxide [DMSO]) with and without AFPI or AFPIII (1 lg/ml) and loading it in 0.5-ml French straws (IMV). Previous experiments were conducted to test the best AFPI and AFPIII (A/F Protein Canada Inc.) concentrations (data not shown).
After loading the straws, an equilibration time of 4 min at room temperature plus 10 min at 2 cm from the liquid nitrogen (LN 2 ) surface was applied. The straws were then directly plunged into LN 2 . Cryopreserved samples were thawed in a water bath at 258C for 30 sec.
Motility and Viability Analysis
For motility evaluation, fresh and frozen/thawed sperm samples were prediluted in a nonactivating solution of 300 mOsm/kg sucrose (1 ll semen: 25 ll sucrose). One microliter of the prediluted sample was then activated on a concave slide with 10 ll seawater and immediately covered with a coverslip. Sperm movement was videotaped within 15 sec after motility activation using a Nikon Alphaphot 2 microscope with a 203 negative phase objective and a Sony CCD black-and-white video camera (SSC-M188CE). Sperm motility videotapes were analyzed with the CASA system Hobson Sperm Tracker and associated software (Hobson Vision Ltd). Settings were optimized for S. aurata sperm as described by Zilli et al. [27] . Percentage of motile cells, curvilinear velocity (VCL) in lm/sec, straight-line velocity (VSL) in lm/sec, and linearity (LIN) in percentage (VSL/VCL) were recorded. Three videotapes were analyzed for each sample.
Sperm membrane viability was measured with the Live/Dead sperm viability kit from Molecular Probes (Invitrogen). The samples were prediluted (1 ll semen: 100 ll in 1% NaCl) and incubated in the dark for 5 min with 0.25 lM SYBR-14 plus 5 min with 24 lM propidium iodide at 48C. After incubation, three slides were observed with a fluorescence microscope (Nikon Eclipse E600; Nikon) with blue excitation (450-480 nm). At least 100 cells were counted per slide (300 cells/sample). The cells that stained green were classified as viable, and the ones that stained red were classified as nonviable. These results are presented as percentage of viable cells.
HM and Flagella Isolation
The sperm samples were centrifuged (4000 3 g for 15 min at 48C) to eliminate the seminal plasma and washed with 1% NaCl (addition of five times 1% NaCl volume followed by centrifugation and elimination of the supernatant). For head and flagella separation, samples were resuspended four times their volume in 1% NaCl and passed 10 times through a 50-cm 3 0.5-mm internal diameter (i.d.) capillary attached to a 20-ml syringe.
Eight milliliters of each sample were carefully layered over 24 ml of a 0.5-2 M sucrose gradient made up in four steps (6 ml of 0.5, 1, 1.5, and 2 M) prepared in ultracentrifugation tubes. After ultracentrifugation at 28 000 3 g for 45 min at 48C, two bands were visible, an upper band (0.5 M sucrose) consisting of flagella and a lower band (between 1.5 and 2 M sucrose) containing spermatozoid heads. With the help of glass Pasteur pipettes, the two bands were individually collected and diluted in 1% NaCl to a total volume of 40 ml. Flagella suspensions were centrifuged at 5000 3 g for 20 min at 48C and the pellets used for lipid extraction. Head suspensions were centrifuged at 3000 3 g for 20 min at 48C, 30 ml of distilled water were added to the pellets, and the suspensions were vortexed for 10 sec to lyse the heads. Head suspensions were centrifuged for 25 min at 1000 3 g at 48C to sediment the nuclei and other cellular debris, and the supernatants containing the HM were recovered. To concentrate the HM, supernatants were ultracentrifuged for 20 min at 28 000 3 g at 48C. The HM pellets were used for lipid extraction.
The purity of the flagella, heads, and head membrane suspensions was validated with transmission electron microscopy (TEM) using a routine procedure. Briefly, fractions were mixed 1/1 (v/v) with agar 2% to obtain semisolid samples, fixed with 2.5% glutaraldehyde in Sörensen phosphate buffer, and postfixed with 1% osmium tetraoxide in the same buffer. The samples were then embedded in agar and dehydrated in a graded ethyl alcohol series, followed by three changes of propylene oxide, and embedded in Epon 810. Ultrathin sections were double stained with uranyl acetate and lead citrate and examined in a JEOL JEM-1010 microscope.
Lipid Extraction and Analysis
Lipids were extracted from flagellar membranes (FM) and HM according to the procedure developed by Folch et al. [28] adjusted for S. aurata sperm. In summary, one volume of flagella or HM suspension was mixed with four volumes of chloroform/methanol (2/1, v/v) and mixed vigorously. In addition, 25% the total volume was added of pure chloroform and 0.9% NaCl, mixed BEIRÃ O ET AL.
again vigorously, and left resting for 20 min. After centrifugation at 250 3 g, the upper phase was eliminated. Four times the initial biological suspension volume was added of Folch upper phase and again centrifuged. The lower phase was carefully separated, dried in nitrogen atmosphere, and stored in 300 ll of isopropanol. Cholesterol was measured with a CHOD PAP Kit (Biolabo) according to the manufacturer's instructions, and a calibration curve was done with cholesterol for each measure. The total phospholipids were quantified using a procedure developed by Rouser et al. [29] . For the phospholipids purification, samples were passed through SEP-PAK silica gel cartridges (Waters). First, 10 ml of chloroform were pushed through the cartridge to elute neutral lipids, then 5 ml acetone were passed through the cartridge to elute glycolipids, and finally 10 ml methanol were pushed through to elute phospholipids.
For the detection and quantification of the different phospholipids, the samples were analyzed in a high-pressure liquid chromatographer (HPLC; Waters 2695), equipped with an autoinjector and using a UV detector (Waters 996) with a Waters Spherisorb cartridge PSS838521 (5 lm, 250-mm 3 3.0-mm i.d.). The mobile phase (acetonitrile/methanol/phosphoric acid, 130/5/1.5, v/v/v) was used at a constant flow rate of 1.0 ml/min. The samples were injected (10-ll size injection) and run for 20 min. All peaks were identified and measured at 203 nm by comparison with the respective standards. These results are reported as mg/mmol of phospholipids.
For the fatty acids analysis, the samples were first transmethylated following the protocol by Berry et al. [30] , and methyl esters were stored in n-hexane under a nitrogen atmosphere. Then these samples were analyzed with a gas chromatographer (Perkin Elmer Autosystem XL) equipped with a flame ionization detector and using a fused silica capillary column Omegawax 250 (Supelco; 30-m 3 0.25-mm i.d. 3 0.25-lm film thickness). Helium was the carrier gas used, and the operating conditions were as follows: initial temperature set at 508C for 2 min, warming to 2008C at a rate of 78C/min, 2 min at 2008C, warming to 2208C at a rate of 0.58C, and 5 min at 2208C. Sample injection volume was 3 ll, and the total time of the analysis was 70 min. The fatty acid methyl ester standards mixture (C4-C24:1) was used to identify and quantify the peaks with methyl nonanoate as internal standard. The results are presented as a proportion of total fatty acids.
Statistical Analysis
All statistics were conducted using the software SPSS 15.0 for Windows. Sperm quality parameters (motility and viability data) and lipid analysis data were analyzed with a general linear model with Bonferroni adjustment. Percentage of motility, linearity, and viability and fatty acid data were normalized through arcsine transformation. P , 0.05 was considered statistically significant. Results are reported as mean values 6 SEM. Sperm quality parameters were analyzed for correlations with the total saturated, total monounsaturated fatty acids (MUFAs), total PUFA, total n3, and total n6 fatty acids of both FM and HM, applying the Pearson parametric correlation (both P , 0.05 and P , 0.01 are shown).
RESULTS
The cryopreserved samples showed lower percentages of motile spermatozoa and lower VSL than fresh sperm (Fig. 1, A  and B ). In the case of VCL, samples cryopreserved with AFPIII did not show any decrease compared with the fresh samples, whereas for LIN both AFPI and AFPIII did not present any significant decrease (Fig. 1, C and D) . Considering the different cryopreservation treatments, the percentages of motile spermatozoa and VCL were not significantly different (Fig. 1) . On the other hand, VSL values and linearity were significantly higher for the samples cryopreserved with AFPIII (4.1 6 0.13 lm/sec and 14.3 6 1.48%, respectively) compared with samples cryopreserved only with DMSO (3.0 6 0.21 lm/sec and 9.7 6 0.53%, respectively). Also, for the percentage of , and linearity (D) obtained for the four experimental conditions (fresh, cryopreserved with 5% DMSO, cryopreserved with 5% DMSO plus 1 lg/ml AFPI, and cryopreserved with 5% DMSO plus 1 lg/ml AFPIII). Data correspond to mean values 6 SEM. Different letters mean significant differences (P , 0.05; n ¼ 8).
SPERM CRYOPRESERVATION WITH AFPs: EFFECT ON LIPIDS viable cells, there were significant differences between fresh and frozen samples as well as between samples cryopreserved with AFPIII or only with DMSO (50.5 6 2.75% and 33.4 6 3.01%, respectively; Fig. 2 ).
As observed under the light microscope, the flagella-head separation technique allowed the separation of more than 95% of flagella and heads. Furthermore, the TEM micrographs (Fig.  3) allowed visualizing a clear break on the sperm midpiece and the purity of the different fractions.
The cholesterol/phospholipids ratio (Cho/Phos) did not present significant differences between FM and HM between the treatments for both FM and HM (Table 1) . For the phospholipids analyzed (Fig. 4) , the concentrations shown in Table 1 were significantly different between HM and the FM for fresh sperm, with the concentration of both phosphatidylethanolamine (PE) and phosphatidyl-serine (PS) being significantly higher in flagella extracts than in HM. Phosphatidylcholine (PC) presented the highest values in both HM and FM, ranging from 755 6 61-539 6 107 mg/mmol of phosphate, followed by PE. Phosphatidyl-serine and phosphatidyl-inositol (PI) presented minor concentrations. Additionally, lysophosphatidyl-choline and sphyngomyelin were detected by HPLC, but their values were not considered due to the very high variability detected. Only the PS from the HM was affected by freezing/thawing, showing significantly higher values in DMSO treatment in comparison with the fresh samples.
Comparing the fresh sperm fatty acids composition between HM and FM (Table 1) , there were significantly higher amounts of saturated fatty acids (stearic acid and total saturated) in the HM. On the other hand, there were significantly lower amounts of unsaturated fatty acids (oleic acid, docosahexaenoic acid [DHA], and total MUFAs) in the HM than in the FM. Also, the DHA/eicosapentaenoic acid (EPA) ratio was significantly higher in the flagella extracts than in HM extracts. The fatty acids composition of the HM was more affected by the cryopreservation procedures than was that of the FM. No differences in the molecular species of fatty acids from HM were observed with regard to the fresh samples when AFPI or AFPIII were added to the extender. Nevertheless, there was an increase in the amount of saturated fatty acids when the sperm was cryopreserved with DMSO without AFPs, although this increase was significant only for the palmitic acid (C16:0). The opposite effect occurred for several PUFAs, such as EPA (C20:5n3) and C22:5n3, with a significant decrease in its relative amount after cryopreservation with DMSO. When the frozen samples with the different extenders were compared, no significant differences were observed between the ones frozen with DMSO and those including AFPI. Nonetheless, relevant changes were observed between sperm cryopreserved with or without AFPIII: the total saturated fatty acids were at a a,b,c Significant differences between treatments for the same parameters are indicated with different superscript letters. * Significant differences between HM and FM for fresh sperm are indicated by an asterisk and set in bold (P , 0.05; n ¼ 8).
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significant lower concentration in the sperm cryopreserved with AFPIII than in samples cryopreserved with DMSO. Conversely, a significant higher content in total monounsaturated (total MUFA), total polyunsaturated (total PUFA), and n3 fatty acids was detected after cryopreservation with AFPIII comparing with DMSO. Furthermore, the ratio of both EPA/ arachidonic acid (AA) and DHA/EPA in the HM was also significantly different between the DMSO and AFPIII cryopreservation procedures. In the case of the FM, there was a significant increase in the amount of total saturated fatty acids for all three cryopreservation procedures compared with fresh samples, but also in this case, more significant changes in the fatty acids profile were observed when the sperm was frozen without AFPs. The DMSO protocol increases the content in stearic acid and decreases the linoleic concentration (P , 0.05). No significant differences were newly observed between this protocol and the one with AFPI. In contrast, the addition of AFPIII provided significant increases of AA and reduction of the EPA/AA ratio with respect to the DMSO.
The HM total saturated fatty acids were found to be negatively correlated with the percentage of viable and motile cells and VSL (Table 2) . On the other hand, the total MUFA of the HM correlates positively with the percentage of viable and motile cells and VCL. Both VSL and VCL were positively correlated with HM total PUFA and n3 and n6 fatty acids. Linearity was negatively correlated with FM total saturated fatty acids and positively with FM total n3 fatty acids. FM total n6 fatty acids were also positively correlated with VSL. BEIRÃ O ET AL.
DISCUSSION
In this study, we have evaluated the effects on sperm cryopreservation of the presence of AFPs with special focus on the lipid membrane composition of the different regions of the spermatozoa (head and flagella). The use of S. aurata spermatozoa allowed a clear separation of two different domains (flagella and HM) in which biological processes, such as mammalian sperm capacitation or acrosome reaction, are not expected to affect the composition. As has been pointed out by other authors [31] , spermatozoa head and flagella have distinct composition according to their functions; nonetheless, the majority of membrane composition or behavior studies are performed with the whole cell, the information given being the average value from all the different regions of the cell. Nevertheless, particular events are related to particular domains, and therefore whole-cell evaluation reduces the sensitivity of the analysis to detect relevant changes, as has been also underlined by Buffone et al. [32] .
Among mammals, birds, and fish, sperm plasma membrane PC and PE usually account for more than 50% of the phospholipids, and PI and PS are usually represented at lower concentrations [33] [34] [35] [36] , which is in accordance with the results presented herein. However, we found significant differences in composition between FM and HM. Phospholipids of the HM are lower in PE and PS, both of them reported by Labbé et al. [35] as the most unsaturated phospholipids in Oncorhynchus mykiss sperm. A later study in Dicentrarchus labrax and different salmonids by Bell et al. [13] agreed that sperm PS was highly unsaturated, whereas PC had the highest amount of saturated fatty acids. Our results also showed a higher proportion of unsaturated fatty acids in the FM, such as DHA and total MUFA, which will make this structure more fluid than HM. Similar differences between head and flagella DHA content were reported in monkey sperm by Connor et al. [31] , who related the high levels of DHA with the requirements of fluidity for flagellar bending and flexing required for motility. The relevance of highly unsaturated fatty acids in the sperm membrane has also been stressed by Wassall and Stillwell [2] , who explain its possible role in the organization of fluid-fluid microdomains that could be as important as rafts for sperm functions, such as sperm-egg fusion or, among fish, osmotic control or motility activation. The reported unequal distribution of lipid molecular species should determine differences in membrane organization related to different functional requirements, and changes in their distribution could compromise particular functions. The two analyzed domains also differ in their sensitivity to cryopreservation, highlighting the relevance of the study of cryodamage separately.
Samples cryopreserved in the presence of 1 lg/ml of AFPIII compared to the samples frozen only with DMSO presented a higher percentage of viable cells, sperm VSL and LIN. In contrast, the addition of equal concentration of AFPI did not improve the analyzed parameters when compared to the same treatment frozen only with DMSO. These differences indicate higher membrane stability in samples frozen with AFPs (mainly AFPIII). Moreover, spermatozoa frozen without these proteins move following more curvilinear trajectories (low LIN). The pattern of motility is species specific: different fish species show different motility duration, velocity, or type of movement (e.g., linearity) [37] . Our previous studies [26] revealed in S. aurata that the sperm subpopulations presenting fast and linear motility correlated better to the fertilization ability, indicating a clear advantage of the addition of AFPs, mainly AFPIII, in the freezing extender. However, decreases in the percentage of motile cells and in spermatozoa velocity have been repeatedly reported after cryopreservation and associated with damage at different levels [24, 26] . It has been suggested that dilution in cryoprotectants and/or extenders prior to freezing could also activate some motility due to their high osmolality, reducing the postthawing energy available for sperm cells [38, 39] ; nonetheless, relatively high values of sperm motility and fertilization rates were obtained in previous studies with S. aurata after cryopreservation with 5% DMSO [24, 26] . Changes in motility pattern have been related to different factors: cryopreservation protocols [26] , effect of stimulants [40] , time after release to water in fish [41] , chemotaxis [42] , or the hyperactivation subsequent to the capacitation process in mammals [43, 44] . Capacitation, for example, results from a reorganization of the lipidic components of the membrane [32] . The studied changes in motility pattern or the symmetry of flagellar beating are related to the activity of membrane ion channels, CATSPER in mammals [44] , ion exchangers in marine invertebrates [42] , and SACs channels in fish [37] . Modifications of the membrane components, highly dependent on the lipidic arrangements (e.g., rafts and fluid-fluid domains generated by PUFA [2] ), should affect these ion fluxes, and this fact, together with the loss of membrane fluidity caused by the decrease in unsaturated fatty acids, could be responsible for motility losses and changes of trajectory after freezing/thawing without AFPIII.
The mechanism of action of AFPs on the membranes and on ice crystal growth is believed to be similar for both tested proteins (AFPI and AFPIII): binding to the lipid bilayer, increasing the phase transition temperature of the membranes and stabilizing them [15, 17] . Additionally, their cryoprotective effect on sperm is clearly species specific, being more notable in some species than others and in some cases even prejudicial, raising the possibility by some authors of possible cytotoxic effects [21, 22, 45] . Comparing our results with the ones obtained by other authors working with mammalian spermatozoa, Younis et al. [21] also observed increased motility after The diverse cryoprotective effects of the different AFPs observed in the analyzed species could be related to differences in their interaction with the membrane components, each species having particular arrangements of lipids and characteristic phase transition temperatures; unfortunately, in none of these studies was the sperm lipidic composition analyzed. To our knowledge, there are no reports on the effects of AFPs on sperm membrane composition during the freezing/thawing process. In the present study there was a clear effect of the used cryoprotectant solution (whether used AFPI and AFPIII or not) on the phospholipids and fatty acid composition of the spermatozoa, specially the HM composition. Our results did not reveal effects of the cryopreservation procedure on the Cho/Phos ratio, usually affected during cryopreservation [10, 47] , in either flagella or HM extracts. From the phospholipid classes, only the HM PS amount was modified, being higher in samples cryopreserved only with DMSO, which also display lower values of motility and viability. Even though there are several reports stating changes in the sperm phospholipid composition following cryopreservation, these modifications are usually observed in PC and PE [10] , which are more susceptible to shedding off given their location in the extracellular face of the membrane bilayer [34] . Therefore, the significant increase in PS ratio could be rather the result of other phospholipid decreases, such as PC and PE, and this shedding off could be responsible for the greater loss of membrane viability observed in samples frozen only with DMSO. Cryopreservation effects on phospholipid composition are highly related with the particular fatty acids content. As already mentioned, the precise effect of AFPs on the membranes is unknown even though studies with liposomes (composed mainly of PC and PE) have suggested that AFPI interacts with the membranes by the insertion of a hydrophobic segment of the protein into the membranes [17] . The direct interaction of the hydrophobic domains of AFPs with the hydrophobic fatty acid moieties of membrane is highly dependent on the composition of the phospholipids, as reviewed by Inglis et al. [17] . This fact could explain their species-specific activity and their positive or negative effects during cryopreservation according to the particular composition of the membrane. In our study this issue could be related to the differences noticed between the protection conferred by the two tested AFPs. AFPI clearly showed a lower degree of lipid stabilization and a less pronounced beneficial effect.
The fact that FM fatty acids were more unsaturated than those from HM, apart from providing higher fluidity, could explain the lower rate of modifications of the flagella after the applied cryopreservation treatments: higher unsaturation rates are usually related to higher resistance to freezing/thawing [6] . The evaluation of fatty acids before and after cryopreservation showed a clear beneficial effect of adding AFPs: except for the linoleic acid on the FM, there were no changes with respect to the fresh samples, but several differences were found between sperm frozen with DMSO and fresh samples or those frozen with AFPs, especially AFPIII. Freezing with DMSO extender without AFPs induced an increase in saturated fatty acids and the loss of unsaturated fatty acids, some of them, such as EPA (C20:5n3) highly unsaturated. These changes promote losses of fluidity and correlated with sperm quality parameters, being positive the correlations with unsaturated fatty acids (PUFA, MUFA, n3, and n6) and negative those with saturated ones. Even though some of these correlations are not significant at the level of P , 0.01, they indicate a trend that should be carefully analyzed in the future. Moreover, the correlations observed between the motility parameters and the FM composition again underlined the relationship between the FM requirements on PUFAs and motility [31] . Increases in saturated fatty acids were also observed after the cryopreservation of different mammalian spermatozoa by different authors [10, 34, 48] who attributed these changes to the decrease in the sperm quality parameters. These issues indicate a direct effect of the AFPs on the stabilization of molecular classes of fatty acids in the membrane, compatible with the theory of an interaction of the protein with the membrane components [17] . Their different effects on different fatty acids could also indicate that they will probably interact preferentially with certain molecular species. According to our results, AFPIII seem to have prevented the increase in the saturated fatty acid proportion during cryopreservation and hence would have interacted preferentially with unsaturated fatty acids. This observation is in accordance with the results of Tomczak et al. [49] , who observed a stronger association of AFPs with liposomes made with unsaturated fatty acids than with saturated ones. The differences in the HM and the FM fresh composition, especially in the amounts of unsaturated fatty acids, may underline their different sensitivity to cryopreservation as well as the different AFPs protection mechanism observed in both structures: while in the HM the EPA/AA ratio increased in the AFPIII and decreased in the DMSO treatment, the converse effect was observed in the FM. As put forward by Tomczak et al. [15] , the membrane lipid composition dictates the protection conferred by the AFPs during chilling. Nevertheless, as explained by Inglis et al. [17] , it is currently not possible to predict whether a particular AFP will stabilize or destabilize a given lipid system.
Our results have shown that the use of AFPs, mainly AFPIII, in the cryopreservation solution decreases the loss of sperm quality and helps maintain the lipid composition of the plasma membrane according to the composition of the analyzed domains (head and flagella) during the freezing/ thawing process. During this process, AFPs act by exerting a stabilizing effect on S. aurata sperm membrane, avoiding, at least in part, the described sublethal damage caused by sperm membrane disturbance [24, 25] . This is the first study analyzing the effects of AFPs on sperm membrane lipids during cryopreservation and helped explain the beneficial effects that these proteins could have during the process, stressing the relevance of the stabilization of the lipidic fraction. Moreover, this is also the first study reporting how the lipidic membrane components of two different spermatozoa domains are affected during freezing/thawing, presenting data about fatty acids changes during cryopreservation in fish.
